Abstract Studies that focus on meiofaunal assemblages of deep-sea mud volcanoes show an unpredictable abundance and diversity in a clear response to the different environmental conditions of the seeped sediment. The mud volcanoes Abzu, Tiamat and M. Ivanov (ATI), are located along the SWIM1 fracture zone, in front of the accretionary wedge of the Gulf of Cadiz (AWGC). The geological setting and the fluid geochemical characteristics of the ATI mud volcanoes are different from those located within the AWGC. The main aim of this study is to describe and compare the spatial and vertical distributions of the meiofauna and nematode assemblages from the ATI mud volcanoes, the Porto mud volcano located in the AWGC, and a non-seep site (Site 2) as reference. The pore-water on the uppermost sediment layers has compositions close to the near-bottom seawater. The meiofauna abundances were generally lower and the vertical distribution of the assemblages showed a typical pattern, gradually decreasing towards depth. The lack of spatial patterns of the standing stocks contrasts with the spatial variability of diversity and biomass, related to the differences in the nematode assemblages that are distinct between ATI, Site 2 and the Porto mud volcano. The ATI and Site 2 assemblages are similar to deep-sea non-seep habitats, and are clearly coupled with the environmental conditions of the bottom seawater. No evidence of seep conditions favouring the development of specialised fauna were found. The lower diversity and the presence of higher dominance species could be driven by distinct seepage conditions of the Porto mud volcano.
Introduction
Fluid seepage and mud volcanism in marine environments occur in active and passive continental margins (Dimitrov 2002; Kopf 2002) . Submarine mud volcanoes (MV) are geological structures driven by upward flow of fluidized sediments, intercalated with periods of hemipelagic sedimentation. Thousands of deep-water mud volcanoes are estimated to exist worldwide varying greatly in water depth, size, morphology, substrate and biogeochemical conditions (Milkov Communicated by Y. Shirayama 2000; Kopf 2002 ). Furthermore, variations at a small scale in flow rates and sediment pore-water concentrations of both methane and sulphur compounds act as an additional source of habitat heterogeneity that strongly shapes local faunal standing stocks (abundance and biomass) and diversity (Sibuet and Olu 1998; Levin 2005; Cordes et al. 2010) . Similarly to other seep habitats where free-living and symbiotic bacteria use methane oxidation and sulphate reduction as the main energy sources to fix organic carbon, faunal communities inhabiting MVs can depend largely on the chemosynthetic derived carbon production (Levin 2005) . Patches of enhanced abundance of tolerant species are usually observed at the surface sediments where fluid seepage occurs (Sibuet and Olu 1998; Levin 2005; Cordes et al. 2010) . Among the most relevant examples are the mat forming microbial assemblages (e.g. Beggiatoa) and the symbiotic-bearing bivalves and siboglinids (Sibuet and Olu 1998; Levin 2005) .
The importance of meiofauna both in terms of abundance and diversity in deep-sea sediments is well established and benthic nematodes are among the most abundant metazoan taxa. (Giere 2009; Vanreusel et al. 2010a, b) . Nematodes are an useful tool to assess ecological environmental changes and the nematode community composition at genus level reflects macro-ecological patterns, providing an appropriate basis for comparison of communities between habitats on a large scale (Heip et al. 1985; Vincx et al. 1994; Vanreusel et al. 2010a, b) . Studies on mud volcanoes meiofaunal assemblages, especially those on nematodes, showed an unpredictable variability not only on abundance and biomass but also in their composition and diversity, as a clear response to the different seep sediment conditions (e.g. Olu et al. 1997; Buck and Barry 1998; Robinson et al. 2004; Van Gaever et al. 2009a; Bright et al. 2010; Pape et al. 2011; Zeppilli et al. 2011; Lampadariou et al. 2013) . For instance, nematode abundances can range between 116 and 11,364 ind. 10 cm −2 in MVs of the Barbados accretionary prism (Olu et al. 1997) . Unusual high abundances were also observed at the Håkon Mosby MV with more than 11,000 ind. per 10 cm −2 associated with Beggiatoa bacterial mats (Van Gaever et al. 2006) . Such abundances have been attributed to both the positive effects caused by the presence of habitat-forming organisms, food availability and structural heterogeneity, and the negative effects caused by harmful liquid and gaseous emissions. (Van Gaever et al. 2009a; Vanreusel et al. 2010a ). Patterns of nematode diversity at MVs are also very heterogeneous, displaying both very high or very low species richness and dominance. Usually, poor diversity is due to the dominance of few tolerant species such as Halomonhystera disjuncta, Terchellingia longicaudata, Sabatieria spp. and Desmodora spp. (e.g. Van Gaever et al. 2006 , 2009a , b, 2010 Zeppilli et al. 2011 Zeppilli et al. , 2012 , although in some studies nematode genera composition showed similarities to communities of the non-seep sediments (Buck and Barry 1998; Lampadariou et al. 2013) .
Before detailed geological and geophysical surveys were carried out, the boundary between the African and Eurasian lithospheric plates in the Atlantic Ocean was called the Azores-Gibraltar Fracture Zone (AGFZ). The Gulf of Cadiz (GoC) is the easternmost termination of the AGFZ where the African and Eurasian plates meet along a complex tectonic scenario including a slow right-lateral fracture zone, where the two plates move past each other at a speed of~4 mm/ year (Argus et al. 1989 ) and a subduction complex, the Accretionary Wedge of the GoC (AWGC, Gutscher et al. 2002 Gutscher et al. , 2012 . The tectonic deformation is accommodated by the right-lateral southwest Iberian Margin (SWIM) strike-slip faults (Zitellini et al. 2009 ) and by the AWGC underlain by a strip of old (140 My) oceanic crust (Sallares et al. 2011) . The subduction of old oceanic crust has driven the formation of the Gibraltar orogenic arc and of the AWGC. The AWGC with a surface of~56,000km 2 is one of the largest cold seep areas on the European margin with more than 30 MVs identified between 200 m and 4000 m water depths (Van Rensbergen et al. 2005; León et al. 2012) . Hensen et al. (2015) reported for the first time the occurrence of three mud volcanoes, Abzu, Tiamat, and Michael Ivanov (ATI MVs), at approximately 4500 m depth, along the Africa-Eurasia plate boundary off southwest Iberia out of the realm of the AWGC. The ATI MVs are manifestations of the expulsion of fluidized sediments at the seafloor along the seismogenic segment of one of the SWIM faults: the strikeslip SWIM1 fault. Hensen et al. (2015) also showed that the chemical constitution of the interstitial fluids in the ATI MVs indicate fluid exchange from the deep oceanic crust to the seafloor surface, across 5 km of sedimentary thickness.
Most of the current understanding on the GoC biodiversity arises from studies dealing with macrofaunal organisms from within the AWGC (e.g. Cunha et al. 2013; Génio et al. 2013; Hilário et al. 2010; Rodrigues et al. 2011 Rodrigues et al. , 2013 . The only work on meiofauna diversity available for the GoC was carried in the Darwin MVat the shallower depth of 1100 m on the AWGC, where the diversity of nematode assemblages increase with increasing distance to the seepage area, while the sediments with high hydrogen sulphide levels presented overall a high dominance of the Sabatieria spp. (Pape et al. 2011 ). The present study analyses the spatial and vertical distribution of the abundance and composition of the meiofauna communities, focusing on nematode standing stocks, structural and functional biodiversity in the newly found ATI MVs. Additionally, these results are compared with nematode assemblages of the Porto MV located within the AWCG and a site located at the Horseshoe Abyssal Plain (HAP), without evidence of mud volcanism.
The working hypothesis of this study is that there is a response of the standing stocks, structural and functional biodiversity of meiofauna and nematodes to different geological setting and fluids geochemical characteristics of the newly found ATI MVs. The measured pore water environmental parameters were used to identify the influence of the upward flowing fluids in buffering their chemical composition at the depths below sea floor colonised by the meiofauna.
Material and methods

Study area
The GoC straddles the Africa-Eurasia lithospheric plate boundary in the Atlantic Ocean in a geologically and tectonically complex area, the evolution of which includes Mesozoic rifting and oceanic drifting of the Atlantic and Tethyan oceans, subduction and almost complete consumption of the Tethys during the Alpine orogeny (Frizon de Lamotte et al. 2011 ) and the present day right-lateral oblique collision of Eurasia with respect to Africa (Gutscher et al. 2012 ). The present day tectonics are responsible for i) important moderate and high magnitude seismicity, ii) existence of morphologic features in the deep-sea floor such as mud volcanoes and the SWIM1 fault trace along which the ATI MVs were emplaced (Hensen et al. 2007 ).
The studied sites include the ATI and Porto MVs, as well as a reference location in the HAP. The ATI MVs are located in the Horseshoe Valley, an area that lies between the HAP and the AWGC ( Fig. 1a ; Duarte et al. 2010) ,~90 km west of the deformation front of the AWGC. Noteworthy, the ATI MVs were emplaced at the intersection of the main SWIM plate boundary strike-slip fault and the Horseshoe thrust fault (Rosas et al. 2015) on top of a cluster of seismicity (Geissler et al. 2010) . These faults cut through lithospheric mantle and most of the crust, respectively, and are main pathways for fluid percolation in the area, leading to the development of seepage areas with associated mud volcanism (Hensen et al. 2015) .
During the RV Meteor cruise M86/5 the three discovered ATI MVs were extensively sampled (Fig. 1a) . The M. Ivanov MV, located at approximately 4500 m water depth, is a complex of several cone-shaped elevations with a maximum of 50 m in diameter that extends 480 m in length approximately (Fig. 1b) . The Abzu and the Tiamat MVs are located in an ESE-WNW bathymetric high at a distance of less than 4 km of each other; the Abzu MV has a circular shape with a diameter of approximately 100 m and a small depression at the top; the Tiamat MV (4650 m water depth) has an elliptical shape with the major axis (striking NW-SE) with 600 m and the minor axis with 420 m length. In the vicinities of both mud volcanoes the seafloor has abundant small depressions, resulting from fluid seepage (Hensen 2014) . The sediments collected on the three mud volcanoes are mud-breccias overlain by a hemipelagic silty clay layer of variable thickness, with abundant forams. In addition, two other locations were sampled: at the Porto MV (a sub-circular mud volcano with a diameter of about 500 m located within the AWGC at 3880 m water depth), and from the Horseshoe Abyssal Plain (HAP) in the SWIM1 fault area without evidences of mud volcanism (4864 m water depth). The sedimentary cover in the Porto MV is similar to the one found in the ATI MVs (mud-breccia overlain by hemipelagic silty clay); the HAP sedimentary cover is made of an intercalation of turbidite deposits with silty clay hemipelagic sediments.
Sampling and sample processing
Samples were collected for the study of the mud volcanoes and the fluid migration along the SWIM1 fault using the following gears: multi-corer, box corer and gravity corer. Sampling sites were selected based on the previously available swath-bathymetry data and side-scan sonar coverage information. Five sites were sampled: the Porto MV, located on the AWGC, three MVs (Abzu, Tiamat and Ivanov) located outside the AWCG along the SWIM1 fault and Site 2, located in the HAP on the SWIM1 fault, without evidence of seepage. A total of nine stations were sampled without replication for meiofauna ( Fig. 1a ; Table 1 ). The largest number of samples was collected at the M. Ivanov MV, including three stations (st.) from an apparently active seepage crater (st. 329, 407 and 388) and one station from an apparently inactive (AUVobservations) crater (st. 348; Fig1b) . Abzu (st. 369 and 349), Tiamat (st. 339), Porto (st. 308) MVs samples were collected from apparently active seepage craters, while at Site 2 (st. 366) no seepage activity was observed. The sediment samples for meiofauna studies were obtained using a boxcorer at the three ATI MVs and Site 2 and a multicorer was used (MUC, Plexiglas tubes with 10 cm internal diameter) at Porto MV. Sediments of the boxcorer were then sub-sampled using a single MUC Plexiglas tube in order to obtain comparable sampled areas. Each sample was sliced into four sediment depths (0-1; 1-3; 3-5; 5-10 cm) subsequently fixed in borax-buffered 4% formalin. In the laboratory, meiofauna was extracted from the sediment using a density gradient solution in a centrifugation procedure (Heip et al. 1985) . The fixed samples were rinsed through a 1000-μm mesh sieve followed by sieving through a 32-μm mesh. The retained 32-1000 μm fraction was washed and centrifuged three times using the colloidal silica polymer LUDOX HS-40 (specific gravity 1.19). The supernatant of each washing cycle was again collected on a 32-μm sieve. After extraction, the samples were kept in buffered 4% formalin and stained with Rose Bengal. All metazoan meiobenthic organisms were counted and classified to higher taxon level following. (Higgins and Thiel 1988; Giere 2009 ) under a stereomicroscope (40× magnification). Subsequently, for nematode identification, 100 to 120 nematodes (or all nematodes when Zitellini et al., 2009) abundances were lower than 120 per sample) were picked out randomly and mounted on permanent glycerine slides after stepwise dehydration in a graded series of ethanol: glycerine mixtures (Seinhorst 1959) . The nematodes were identified down to genus level using the pictorial keys Warwick 1983, 1988; Warwick et al. 1998) , online identification keys and relevant literature available on the Nemys Database Guilini et al. 2017) . Nematode length (excluding tail tips; L (μm)) and maximum body width (W (μm)) were measured under a Olympus BX-50 compound microscope (1000× magnification) with Olympus Cell^D software. Biomass of all specimens was estimated by applying Andrassy's formula and expressed as wet weight (wwt; Andrassy 1956 ) and a ratio of 0.25 was assumed to convert nematode wet weight into dry weight (dwt; Wieser 1960) .
Characterisation of the environmental setting of the studied sites was performed through the analysis of pore water geochemistry as described in Hensen et al. (2015) on a total of five gravity cores obtained at Site 2, and at ATI and Porto MVs at the same locations of the biological sampling. Each core was sliced at several sediment depths (between 2 cm, 20 cm until the end of the core) and the pore water was extracted from the sediments at ambient temperature using a squeezing device that is operated with argon gas at a pressure up to 5 bar. Upon extrusion from the sediment matrix, the pore water was filtered through 0.2 μm cellulose acetate membrane filters. The chlorine concentration (measured as Cl − ) was immediately measured on board by ion chromatography. Total alkalinity (TA) was determined by titration with 0.02 M HCl (Ivanenkov and Lyakhin 1978) . Both chlorine concentration and total alkalinity were used to identify the influence of upward flowing fluids in the buffering of pore-water composition at depths colonised by the meiofauna.
Data analysis
Meiofauna abundances (individuals per 10 cm 2 ) of each major taxon and their relative contribution was calculated for each sampling station. Since nematodes represent the major part of the metazoan meiofauna, this group was thoroughly investigated. A nematode genera dataset was used to examine community composition and diversity using Hill's (1973) diversity numbers (N 0 , N 1 , N 2 and N inf ). Furthermore, rarefaction curves were calculated from the Hurlbert expected number of genera at each station (EG(n); Hurlbert 1971) . PRIMER v6 software (Clarke and Gorley 2006) was used to compute all the diversity measures. To investigate the trophic composition and diversity of the nematode assemblages, nematodes genera were assigned to one of the four functional feeding groups, designated by Wieser (1953) , based on the buccal cavity morphology: selective (1A) and non-selective deposit feeders (1B), epigrowth feeders (2A), and predators/ scavengers (2B). An additional feeding group, Parasitic, was considered in our study attributed to the adult parasitic nematodes belonging to the family Benthimermithidae (Miljutin 2004) . The index of trophic diversity (Heip et al. 1984 ) was then calculated as: ITD = Σ θ 2 , where θ is the relative contributions of each trophic group to total nematode abundance. The reciprocal value of the trophic index (θ −1 ) was used, so that the higher values of the index correspond to higher trophic diversity, ranging from 1 (lowest) to 5 (highest value), considering the five feeding groups included. Nematode genera were assigned a value on a coloniser-persister scale (c-p scale) from 2 (colonisers) to 5 (persisters). Taxa with rapid growth and reproduction and usually high tolerance to disturbance are considered colonisers, whereas persisters are slowgrowing and often more sensitive taxa which thrive well in fairly undisturbed environmental conditions (Bongers 1990; Bongers et al. 1991) . The MI was then calculated as the weighted average of the individual coloniser-persister (c-p) scores as MI = Σν(i).f(i), where ν(i) is the c-p value of the taxon i and f(i) is the frequency of that taxon.
PRIMER v6 software package (Clarke and Gorley 2006) was used to i) perform multivariate analysis in order to detect the spatial and vertical distribution patterns of the meiofauna and nematode assemblages following the procedures presented by Clarke (1993) and ii) compute Hill's diversity numbers and the rarefaction curves EG (n). The similarity in communities among sampling sites and along sediment depths were analysed by non-metric multidimensional scaling (nMDS) ordination. Prior to analysis, the meiofauna and nematode abundance data were fourth-root transformed for the calculation of the resemblance matrix based on the BrayCurtis similarity measure. One-way analysis of similarity (ANOSIM) was performed to test for differences in the assemblages between the sediment depths across the sampling stations.
Results
Characterisation of the environment
The sediment recovered from the ATI and Porto mud volcanoes were similar, characterised by an uppermost layer of hemipelagic light olive brown to olive brown silty clay with abundant forams overlaying a mud-breccia (Hensen 2014; Hensen et al. 2015) . The hemipelagites showed a variable thickness with 7 cm at Porto MV, 118 cm and 190 cm at Abzu MV, 32 cm and 270 cm at the Tiamat MV and 46 cm to close to 0 cm at the M. Ivanov MV. At Site 2 (the control station), the cover sediment is also an olive brown silty clay intercalated with turbidite deposits. The chemical composition of the fluids driving the mud volcanism along the SWIM1 fault resulted from a complex mix of clay-minerals dehydration, limestone recrystallization and fluid-rock interactions with the underlying oceanic crust (Hensen et al. 2015) . The Cl − concentrations of pore water at 2 cm depth (the only analysed depth compatible with the meiofauna vertical distribution) show that the different sampling stations have similar values ranging between 551 and 561 mM and also the TA values were similar at the different sampling stations, ranging between 2.1 and 2.3 m eql −1
. Pore water Cl − vertical profiles at the mud volcanoes show a mixing trend between deepseated fluids and bottom seawater (Hensen et al. 2015) , whereas at Site 2 no such mixing relationship is observed (Fig. 2a) . The peak in TA at the mud volcanoes (Fig. 2b) is a result of anaerobic oxidation of methane (AOM) coupled to sulphate reduction. At Site 2, TA increases throughout the sampled depth interval suggesting that the depth of AOM is located at greater sediment depth. Due to downward mixing and diffusive exchange, Cl − and TA show near-bottom seawater concentrations in the uppermost tens of centimetres at both the mud volcanoes and the control station.
Metazoan meiofauna
Metazoan meiofauna composition and abundances at each sampled station is presented in Table 2 . Considering all sampling stations, sixteen major taxa were identified and nematode genera were always the dominant taxon (85.4-96.7%), followed by harpacticoid copepods (2.3-8.5%) and nauplli larvae (0.4-4%). The remaining taxa comprised less than 1% of the total meiofauna abundance. Meiofauna abundance generally presented low values, ranging between 125.5 ind.10 cm −2 (st. 329) and 364.3 ind.10 cm −2 (st. 348), both located at M. Ivanov MV (Fig. 3) . The vertical distribution of the meiofauna abundance across all sampling stations showed a typical vertical distribution pattern of meiofaunal assemblages with the upper 5 cm sediment depth harbouring most of the total abundances (70% -91%), whereas the highest abundances were found at the surface layer (0-1 cm; Fig. 4 ).
Nematodes
Nematode assemblages: density A total of 69 nematode genera belonging to 28 families were identified (Table 3) . The most abundant families were Chromadoridae (14-27.0%), Desmoscolecidae (9-19%), Monhysteridae (9-18%), Xyalidae (5-15%), Leptolaimidae (3-13%) and Comesomatidae (0-14%). The 15 most common nematode genera encountered (72% of all individuals) were: Acantholaimus, Monhystrella, Halalaimus, Leptolaimus, Thalassomonhystera, Syringolaimus, Sabatieria, Metadesmolaimus, Aegialoalaimus, Metadesmolaimus, Desmoscolex, Aegialoalaimus, Metasphaerolaimus, Microlaimus, Tricoma, Daptonema and Diplopeltula with abundances ranging between 3% and 23% (Table 3) . The remaining genera (28% of all individuals) contributed with <3% to the total abundances each. The multidimensional scaling analysis ordination (nMDS) of the nematodes dataset reveals a high variability among sampling stations; nevertheless, a distinct assemblage was identified at Porto MV, based on the composition and abundance of the nematode populations (Fig. 5a ). At the Porto MV the families Comesomatidae and Linhomoeidae, together with Monhysteridae and Chromadoridae contributed to 58% of the total nematode assemblages and the higher abundances were of the genera Sabatieria (13%), Linhomoeus (12%) and Halichoanolaimus (6%), the genus Syringolaimus was absent. Despite the variability of nematode assemblages within the ATI MVs and Site 2, these sites were mostly represented by the families Chromadoridae, Desmoscolecidae and Monhysteridae with 59% at ATI MVs and 63% at Site 2. The dominant nematode genera at these sites included Acantholaimus (16-23%), ) and nematode biomasses (DWT; μg C.10 cm −2 ) at each sampling station. Other taxa includes taxa that contributed with <1% to the total meiofauna abundance M o n h y s t re l l a ( 3 -1 0 % ) , H a l a l a i m u s ( 3 -1 0 % ) , Thalassomonhystera (2-7%) and Syringolaimus (3-13%). The ordination also identified some variation in nematode abundance and composition within the sampling stations of the M. Ivanov MV, explained by the genus Sabatieria (Table 3) ; however, no obvious spatial pattern was detected reflecting the distance to the active crater.
On the other hand, there was a clear vertical pattern of the nematode assemblage composition and abundance. The nMDS ordinations and the ANOSIM test allowed distinguishing between the nematode assemblages of the uppermost and the deeper sediment layers because significant differences were obtained between the sediments depths (R = 0.383; p = 0.001%; Fig. 5b ). The detected vertical pattern is mainly explained by the genera Acantholaimus and Metadesmolaimus, that decrease in their relative abundance with depth and by the genera Monhystrella, which is the most abundant genus at 3-5 cm sediment depth.
Nematode assemblages: structural and functional diversity Table 4 shows the nematode assemblages structural and functional diversity in each sampling station. Genera richness and structural diversity based on the values of the Hill's diversity were generally high. The highest values were obtained at Abzu MV sampling stations and Site 2, while the Porto MV registered the lowest diversity (N 0 , N 1 ) and the higher dominance (N inf ). The expected number of genera (EG) (Hurlbert 1971) , determined by the rarefaction curves, confirmed the diversity distribution of the sampling stations: the Abzu MV and Site 2 presented the highest expected diversity, followed by the Tiamat and M. Ivanov MVs, while the Porto MV registered the lowest expected diversity (Fig. 6) .
The Index of Trophic Diversity, ITD (Θ −1 ) ranged from 3.31 to 3.60 (Tiamat MV and M. Ivanov MV respectively), indicating high trophic diversity and low variability between the locations regarding trophic composition, as the (Table 4) . At Site 2, Tiamat and Abzu MVs selective-deposit feeders (1A) represented the highest abundance followed by epigrowth feeders (2A), non-selective deposit feeders (1B) and predator/ scavenger (2B). At the sampling stations 329 and 388 of the Ivanov MV the nematode assemblages were also characterised by high abundances of selective-deposit feeders (1A), although at station 407 (of the same MV) non-selective deposit feeders (1B) have similar proportion; while at station 348 epigrowth feeders (2A) had the higher relative abundance. At Porto MV the non-selective deposit feeders (1B) presented the highest relative abundances followed by the epigrowth feeders (2A). The predator/scavenger (2B) were characterised by lower abundances in all stations. Parasitic nematodes were found at Tiamat (st. 339) and M. Ivanov MVs (st. 407 and st 348) representing <0.1% of the nematode abundance.
The Maturity Index (MI) ranged from 2.57 (Porto MV) to 3.01 (Site 2). Most of the nematodes species showed a c-p score of 2, described as Bgeneral opportunists^followed in abundance by species with a c-p score of 4, described as Bpersisters^( Table 4) . At Site 2, the Bgeneral opportunists( c-p score 2) and Bpersisters^(c-p score 4) registered similar proportions, 36 and 33%, respectively. The ATI MVs were characterised by Bgeneral opportunists^, with the abundance of species with c-p score 2 ranging between 41 and 58%, followed by Bpersisters^, with an abundance of c-p score 4 species varying between 21 to 32%. Porto MV showed the lowest values of MI, with the Bgeneral opportunists^species with c-p score 2 also representing the highest proportion (64%); Bopportunist^nematode species with c-p score 1 represented 15% of the assemblage and the Bpersisters^with c-p score 4 represented 11%.
Nematodes assemblages: morphometrics and biomass
The lowest values of total and average individual nematode biomass were obtained at the Site 2 (13.57 μg C.10 cm −2 ), followed by the Abzu MV, with 18.87 μg C.10 cm −2 (st. 369) and 19.33 μg C.10 cm −2 (st. 349) ( Table 2 ). The highest value of total biomass of 97.65 μg C. 10 cm −2 was found at M.
Ivanov (st. 407), mostly attributed to the presence of large epigrowth feeders (2A) and predator/scavengers (2B) despite the low relative abundances of these trophic groups. Still, Porto MV showed the highest value of the average individual biomass (Table 2) . Tiamat MV (st. 339) presented also high biomass values and low abundance of the predator/scavenger (2B), indicating a high proportion of larger nematodes (Fig. 7) . These observations are supported by a scatter plot of the length versus width measures presented in Fig. 8 where it is clear that the longest and largest individuals are found at the mud volcanoes particularly the M. Ivanov, Tiamat and Porto MVs.
Discussion
The GoC includes several mud volcanoes within and outside of the AWGC with a complex tectonic setting and considerable variation in their morphology, biogeochemical composition and origin of the percolating fluids associated (e.g. Pinheiro et al. 2003; Hensen et al. 2007 Hensen et al. , 2015 Medialdea et al. 2009; Nuzzo et al. 2009; Scholz et al. 2009 Scholz et al. , 2010 . Notably, the fluid seepage activity associated with the mud volcanism is moderate in this area, with advection velocities up to 15 cm year. − 1 (Hensen et al. 2007 ) and consequently, there are few and scattered large habitat forming aggregations associated with chemosynthetic processes Rodrigues et al. 2013; Vanreusel et al. 2009 ).
Although the chemical composition of the fluids (e.g. strontium, lithium, oxygen and hydrogen isotopic ratios and boron content) indicate different provenances when comparing the ATI MVs and the Porto MV ), as shown by Hensen et al. (2015) , the chemical composition of the sediment pore-water of the upper 50 to 80 cm contain − is considered to be geochemically conservative and a useful indicator of fluid sources and migration patterns (Aloisi et al. 2004; Haese et al. 2006; Martin et al. 1996) . The depth below which the upward flowing fluids buffers the pore-water chemical composition is considerably deeper than the depth colonised by the meiofauna (Giere 2009 ). Similar observations of the upper portion of the sedimentary column having the chemical composition of pore-waters similar to the nearbottom sea water conditions were obtained at the Darwin MV where an overall low seepage activity occurs (Vanneste et al. 2012 ). However, the change of Cl − content and TA with depth shows the differences in pore-water chemical composition of the fluids among the studied MVs (Fig. 2.) . The evident differences between the gradients of the vertical profiles are related to variations in the pore-water composition at depth and different upward advection velocities at the different locations.
The present work focus on the meiofauna abundances in the newly ATI MVs determined by the nematode abundances. The high proportion of the nematodes in meiofauna assemblages is frequently observed in marine and deep-sea sediments, including in the submarine mud volcanoes (e.g. Vanreusel et al. 2010a Vanreusel et al. , 2010b Pape et al. 2011; Lampadariou et al. 2013) . However, in this study the abundances registered are lower when compared with previous studies in mud volcanoes. For instance in MVs located about 5000 m depth in Barbados accretionary wedge, the meiofauna abundances ranged between 116 and 6541 ind. 10 cm −2 (Olu et al. 1997) , in the Hakon Moby MV located around 1280 m depth (West Barent Sea) average abundances were 968 ± 154 ind. 10 cm −2 (Van Gaever et al. 2009a ) and in the Darwin MV, located at approximately 1100 m depth in the GoC, the abundances ranged between 248 and 3227 ind. 10 cm −2 (Pape et al. 2011 ). In Site 2, located in the Horseshoe Abyssal Plain where morphological and chemical evidences of seepage are absent, the meiofauna abundances obtained were similar to the ATI MVs; however, the total and individual nematode biomasses were lower, falling within the range of the observed abundances in other deep-sea sediments of the Iberian Margin with the same bathymetric range (Rachor 1975; García et al. 2007 ; Ingels et al. 2011) . Nematode densities and biomass generally decrease with increasing water depth (Levin et al. 2001; Giere 2009; Vanreusel et al. 2010b) , as the availability of food decreases, an important driving factor to the nematode standing stocks. On the contrary, it is expected that the in situ chemosynthetic production may lead to higher nematode densities and biomass when compared to non-seep sediments (Vanreusel et al. 2010a ), since they can benefit from the increased bacterial production compared to adjacent sites (Olu et al. 1997; Van Gaever et al. 2009a) . Nevertheless, in some cases, very low abundances can also be observed (Shirayama and Ohta 1990; Levin 2005; Vanreusel et al. 2010a) . It is unclear what the main drivers are of these variations, but it has been argued that a combination of food availability, variable seep intensity, and the presence of soft substrates influence the observed variability (Vanreusel et al. 2010a ). The general observation of the low densities at the ATI MVs, Porto MV and Site 2 suggest that nematode assemblages respond to low bioavailability of the organic matter (OM) usually associated with great water depths (Vanreusel et al. 2010b ), in these sites where, as evidenced by the environmental factors, the sediment offers similar conditions to the nearbottom seawater with no evidence of the seepage influence. The diversity of benthos is generally high in deep-sea sediments, with low dominance and high number of genera and species. In opposition, seep sediments are often dominated by a single or few species, representing 50-90% of the total community (Vanreusel et al. 2010a) . Despite the lack of clear spatial patterns of nematode abundances, biodiversity displayed clear differences throughout the sampling sites, particularly at the Porto MV located at the AWGC, which showed the lowest diversity and highest dominance of genera classified as Bgeneral opportunists^(lower MI index). At the Porto MV, the high proportion of Comesomatidae and Linhomoedae families occurred with the presence of Chromadoridae and Monhysteridae. Higher proportions of Sabatieria at the Porto MV, are also well represented in known seep sediments and are known to be tolerant to seep toxic conditions (e.g.; Pape et al. 2011; Zeppilli et al. 2011; Zeppilli et al. 2012; Lampadariou et al. 2013) .
In addition, it is noteworthy that cold seeps have low nematode diversity and high dominance of single species usually represented by large body sized nematodes (Lampadariou et al. 2013; Vanreusel et al. 2010a) . This is also observed at the Porto MV, where the highest individual biomasses were found. In contrast, at the ATI MVs and at Site 2, located outside the AWGC, we observed an overall higher diversity and higher proportion of genera classified as Bpersisters( highest MI index),and a dominance of the genera Acantholaimus, Monhystrella, Halalaimus, Leptolaimus and Thalasomonhystera, which typically are present in high relative abundances in several other deep-sea sediments along the Iberian Margin (e.g. Vanreusel et al. 2010b; Ingels et al. 2011; Ramalho et al., 2014) . The lower genera richness and diversity, as well as the presence of higher dominance species considered Bgeneral opportunistics^could be driven by the distinct seepage conditions of the Porto MV with respect to the ATI MVand Site 2, where the composition is comparable with other deep-sea floor habitats. The Trophic Diversity (ITD) of the nematode assemblages are high, but failed to discriminate nematode communities between sampling stations, as most of them belong to deposit feeders. The large majority of benthic nematodes in deep-sea sediments are deposit feeders while the predators are usually less abundant, as also happens in seeps and vents (Vanreusel et al. 2010a ). Deep-sea benthic organisms must adapt to a food-poor environment where food sources are essentially provided by hemipelagic detritus whose influx rapidly decreases with depth. The use of photosynthetic and chemosynthetic derived carbon sources coupled with their spatial and trophic specialisation lead to the high diversity and biomass patterns of meiofauna (nematodes) distribution (Van Gaever et al. 2009 ).
The vertical distribution of meiofauna assemblages showed a typical pattern with gradually decreasing densities at deeper layers. The significant differences in the nematode community composition through the sediment depth layers in all sampled stations are the typical response to low oxygen concentration, high concentration of the reduced chemical compounds, and a decrease of food availability (Giere 2009; Vanreusel et al. 1997; Pape et al. 2011; Lampadariou et al. 2013) .
The higher number of samples collected at the M. Ivanov MV provides further information on the faunal spatial distribution for this specific mud volcano. Meiofauna abundances and nematode composition at M. Ivanov MV were highly variable, when compared to the other studied mud volcanoes. Meiofauna abundances increased more than 50% at the station located in the inactive crater, and the highest proportion was found in the top sediment layer. The different nematode composition in the four studied stations of the M. Ivanov MV result from the variable abundance proportion of the tolerant species genus Sabatieria reflecting the high variable conditions among stations. The main environmental factors and their interactions can drive small-scale variability at seeps, such as the microhabitat heterogeneity, the food availability, the presence of larger infaunal organisms as ecosystems engineering, predation effects and the negative influence of the fluid flow in more active areas that comprised the dominance of the tolerant and opportunistic genus (Van Gaever et al. 2009a , 2009b Vanreusel et al. 2010a; Zeppilli et al. 2011; Pape et al. 2011; Zeppilli et al. 2012; Lampadariou et al. 2013) .
It should be, however, born in mind that the physical environmental conditions at the seafloor in this study area are barely known. Interpretation of multibeam data shows that the Horseshoe Valley is an area of high bottom hydrodynamics with juxtaposed areas of sediment aggradation, erosion and progradation (Duarte et al. 2010) . Numerical modelling of seawater bottom velocities also shows the existence of important gradients near morphologic reliefs in the study area (Argus et al. 1989; Hernandez-Molina et al. 2011) . The physical conditions can vary significantly and affect the nature of sediments, namely the sediment grain size, which has profound effects on standing stocks, and structural and functional diversity of meiobentic communities, directly and indirectly via the regulation of the chemical environment (Schratzberger & Ingels, 2017) . More sediment sampling for biology, physical analysis of the sediments and chemical analysis from deep water is needed to provide important information on what drivers diversity in these environments.
Conclusions
The results from this study support previous observation that meiofauna and nematodes assemblages at cold seeps and mud volcanoes is strongly variable at the local scale. The great variety of geological, chemical, hydrodynamic and ecological conditions generate many different complex habitats in the deep-sea sediments. As a result, the heterogeneity of these habitats harbours specific nematode assemblages. The spatial and vertical distribution of the meiofauna and nematode assemblages of the uppermost 10 cm of the sediment of the newly discovered ATI MVs showed similarities with assemblages collected in the other deep-sea environments at comparable water depths. These communities were mainly coupled with characteristics of the bottom seawater and showed little evidence of specialised fauna benefiting from high Bin situ^primary production.
Nevertheless, it is possible, based on the nematodes assemblages standing stocks (particularly biomass), structural and functional biodiversity, to speculate that the seep activity of the ATI MVs (out of the AWGC) is less intense than in the Porto MV located in the AWGC, where the communities are characterised by lower abundance and diversity, but higher proportion of Bopportunistic species^, high dominance of single species and high individual biomass, typical from deep-sea cold seeps.
